Purpose ML-970 (AS-I-145; NSC 716970) is an indolecarboxamide synthesized as a less toxic analog of CC-1065 and duocarmycin, a natural product that binds the A-T-rich DNA minor groove and alkylates DNA. The NCI60 screening showed that ML-970 had potent cytotoxic activity, with an average GI 50 of 34 nM. The aim of this study is to define the pharmacological properties of this novel anticancer agent. Methods We established an HPLC method for the compound, examined its stability, protein binding, and metabolism by S9 enzymes, and conducted pharmacokinetic studies of the compound in two strains of mice using two different formulations. Results ML-970 was relatively stable in plasma, being largely intact after an 8-h incubation in mouse plasma at 37°C. The compound was extensively bound to plasma proteins. ML-970 was only minimally metabolized by the enzymes present in S9 preparation and was not appreciably excreted in the urine or feces. The solution formulation provided higher C max , AUC, F values, and greater bioavailability, although the suspension formulation resulted in a later T max and a slightly longer T 1/2 . To determine the fate of the compound, we accomplished in-depth studies of tissue distribution; the results indicated that the compound undergoes extensive enterohepatic circulation. Conclusions The results obtained from this study will be relevant to the further development of the compound and may explain the lower myelotoxicity of this analog compared to CC-1065.
Introduction
There are increasing efforts toward developing novel therapeutic agents with better therapeutic response and lower side effects. The purpose of the present study was to carry preclinical pharmacology studies of ML-970 (NSC 716970), a newly identified anticancer agent that is under preclinical development. ML-970 ( Fig. 1) is an indolecarboxamide synthesized as a less toxic analog of CC-1065 and duocarmycin, a natural product that binds the A-T-rich DNA minor groove and alkylates DNA [1] .
Following initial demonstrations of the anticancer activity of the compound, it was sent to the NCI's Developmental Therapeutics Program for further testing. The NCI60 screening showed that ML-970 had potent cytotoxic activity, with an average GI 50 of 34 nM [1] . The compound was then tested in the hollow fiber assay, yielding a total score of 54 points, and efficiently killing six different cell lines [2] [3] [4] .
Preliminary in vivo anticancer efficacy studies were accomplished in animal xenograft models of glioma (SF295), and lung (H522), breast (MDA-MB-435), and ovarian (OVCAR-3) cancers [1, 4] . ML-970 shows significant antitumor effects in all of the models. Compared with other CC-1065 analogs, ML-970 appears to exert decreased liver and bone marrow toxicity, as indicated by in vitro assays and the xenograft studies [1, 4] .
Given its potent anticancer activity and acceptable toxicity, it is possible that ML-970 may eventually transit to human clinical trials. As such, it will be necessary to first obtain a better understanding of the pharmacological characteristics of the compound, including its plasma stability, serum protein binding, distribution, and metabolism. We herein report the findings of our in vitro and in vivo studies, including mouse pharmacokinetic studies of the compound given in different formulations and by different routes, and preliminary rat pharmacokinetics following oral administration.
Materials and methods

Chemicals, reagents, and animals
All chemicals and solvents used for sample preparation and high-performance liquid chromatography (HPLC) analysis were of analytical grade. Acetonitrile (HPLC grade), methanol (HPLC grade), and formic acid were purchased from Fisher Chemicals (Fairlawn, NJ). Other chemicals were purchased from Sigma Chemical Co. (St. Louis, MO).
Mouse plasma samples were purchased from Lampire Biological Laboratories (Pipersville, PA). Hepatic S9 fractions from ICR-CD-1 mice, Sprague-Dawley rats, and humans were purchased from Celsis In Vitro Technologies (Baltimore, MD). The National Cancer Institute provided the test agent, ML-970 (NSC 716970). A stock solution of the compound (2 mM) was prepared in methanol and stored at -80°C. Samples of heparinized mouse (nonSwiss albino) and rat (Sprague-Dawley) plasma were purchased from Lampire Biological Laboratories (Pipersville, PA). Pathogen-free female athymic nude mice (nu/nu, *25 g) were obtained from the Frederick Cancer Research and Development Center (Frederick, MD), and female CD-1 (ICR) mice were purchased from Harlan (Indianapolis, IN). All animals were fed with commercial diet and provided water ad libitum. The University of Alabama at Birmingham's Institutional Animal Care and Use Committee (IACUC) approved the protocols for the care and use of mice. Studies were accomplished in compliance with the Guide for the Care and Use of Laboratory Animals (NIH).
Analytical methods
An analytical method using HPLC was developed to monitor ML-970 in mouse and rat plasma and tissues, as well as in mouse urine and feces. The HPLC system made use of an Agilent 1120 instrument. ML-970 was separated on a Zorbax SB-C18 (5 lm, 150 9 4.6 mm) analytical column with a Zorbax Reliance Cartridge Guard Column (SB-C18). The mobile phase was composed of 60% acetonitrile in water containing 0.1% formic acid, and the eluate was monitored by UV at 308 nm. The peak area for ML-970 was used to establish standard curves and for quantitative analysis of samples.
Stability of ML-970 in mouse plasma
The stability of ML-970 in mouse plasma was determined at 37, 4, and -80°C. To determine the stability at 37°C, plasma samples containing 1 or 10 lM ML-970 were placed in a water bath, and samples were taken for extraction and analysis after 5, 10, 20, 30, and 60 min, and 2, 4, and 8 h. To determine the stability at 4°C, plasma samples containing ML-970 were placed in a refrigerator at this temperature, and samples were taken for extraction and analysis at 0.5, 1, 2, 4, 8, and 24 h. For stability at -80°C, plasma samples containing ML-970 were placed in a freezer at this temperature, and samples were taken for extraction and analysis after 1, 2, and 4 weeks. Concentrations, as percentages of the original concentration, were plotted against time to illustrate the stability of the compound. Binding of ML-970 to mouse plasma proteins The extent to which ML-970 was bound by plasma proteins was assessed by a previously described method using a micro-ultrafiltration system [5] . Samples of mouse plasma containing ML-970 (0.1, 1.0, and 10 lM) were maintained at 37°C for 1 h. Controls were prepared using methanol in place of plasma. From each of these preparations, a portion was taken and placed in a sample reservoir of an Amicon Centrifree Ò ultrafiltration system (30 kDa; Millipore Co., Bedford, MA, USA). The filter systems were centrifuged at 2,0009g until the reservoirs were dry. From each sample, triplicate portions were taken for analysis by HPLC. The amounts present in the filtrate were designated as ''free drug'' (F), because protein-bound drug could not pass through the membrane due to the small pore size. The concentrations of the unfiltered solutions were also determined by triplicate analyses. This amount represented the ''total drug'' concentration (T). The amount bound to the filter (X) was also considered. The percentage of ML-970 bound to plasma proteins was calculated as: % bound = [(T-F-X)/T] 9 100.
S9 metabolism
We carried out a preliminary stability and metabolic study of ML-970 using murine and human hepatic S9 fractions containing phase I and II metabolic enzymes as described previously [6, 7] . In brief, the reaction mixture contained 10 lM of ML-970 and 1 mg/ml of S9 preparation, and the reactions were carried out in 100 mM Tris buffer (pH 7.4). The negative controls did not contain the hepatic S9 fractions. Metabolic reactions were initiated by adding phase I (NADPH-regenerating systems) or phase II (UDPGA and PAPS) reagents to the reaction mixtures, respectively, and samples were incubated in a water bath at 37°C. Duplicate aliquots of the mixtures from a single reaction tube for each assay were taken at 0, 15, 30, 45, and 60 min, and the samples were processed and analyzed by HPLC. The stability of the drug was determined by analysis of intact ML-970, in comparison with negative control (without S9 fractions). , and 24 h after administration. For all five of these studies, tissue samples (lungs, liver, heart, spleen, kidneys, muscle, and brain) were also collected at necropsy at the same time points.
To conduct a more in-depth study of tissue distribution of the compound, and to assess its pharmacokinetics when given at low doses, female CD-1 mice were dosed i.v. via a lateral tail vein (2.5 mg/kg) or p.o. (2.5 mg/kg) with ML-970. At various times after dosing, blood samples were collected into heparinized tubes via a retro-orbital bleed, and numerous tissue samples (brain, heart, lungs, liver, spleen, kidneys, stomach, stomach contents, small intestine, small intestine contents, large intestine, large intestine contents, gallbladder, fat, and skeletal muscle) were obtained during necropsy.
Urine and feces were also collected from mice housed in metabolic cages during several of the studies (for up to 48 h after dosing). For each urine collection, the collection containers and cages were washed twice with 0.9% saline. Each urine collection and each wash were analyzed separately, and then the values were added together to generate the percent of the compound excreted in urine.
For all studies, at least three samples were collected for each time point for each matrix (blood, tissues, urine, and feces). Data are presented as the mean ± SD of these values. Plasma was separated by centrifugation, and tissues and feces were homogenized in PBS and then extracted with acetonitrile, while urine and the washes were extracted directly. The PBS volumes used for the various tissues were based on tissue weights (5 ml PBS/g). Extracted samples were analyzed using the HPLC procedure. Considering that there were different LLQs and detection ranges for the different tissues. The above HPLC method was validated for each tissue, and data were calculated based on tissue-specific standard curves. If a sample concentration in initial assay was not covered in the range of a given standard curve, proper dilution and concentration procedures were used in repeated testing. Pharmacokinetic parameters for all samples were derived using Phoenix WinNonlin (Version 6.0, Mountain View, CA, USA).
Preliminary pharmacokinetics (dose-finding study) in rats Female Sprague-Dawley rats were administered either a single oral dose of ML-970 (2.5 or 5 mg/kg) in the solution formulation or were administered one dose per day of the solution formulation of ML-970 (2.5 or 5 mg/kg) for 5 days. At 1, 6, and 12 h after the first and fifth administration, plasma and tissue samples (lungs, liver, kidneys, small intestine, and small intestine contents) were collected for extraction and HPLC analysis.
Results
Method validation
We followed USA FDA guidance to validate our HPLC methods for in vitro and in vivo sample analyses. The HPLC method gave linear calibration curves for the investigated concentration range (0.01-20 lM). The correlation coefficients (r 2 ) were C0.999. The compound was extracted from plasma, tissue and feces homogenates, and urine using acetonitrile to precipitate the proteins, and then samples were dried under a stream of air and re-dissolved in the mobile phase (60% acetonitrile in water). The intraday precision values were in the range of 6.97-7.59%, while interday precision values were in the range of 1.32-7.52%; the accuracy of the quantitative analysis of the compound ranged from 98.89 to 109.74% for intraday and 94.40 to 101.32% for interday analyses in all fluids and tissue homogenates. These parameters were within the ranges recommended by the US FDA (CDER/US FDA, 2001). The limit of quantitation (LoQ) in mouse plasma was 0.128 lM.
Stability in plasma
ML-970 is relatively stable in mouse plasma (Fig. 2) , with approximately 70% of the compound remaining after an 8-h incubation in plasma at 37°C. This occurred for both the lower (1 lM) and higher (10 lM) concentrations of the drug, with 70.9 and 70.2% remaining at 8 h, respectively. We also found that ML-970 can be stored at either 4°C for a short period of time or -80°C for a longer period of time. After a 24-h storage in mouse plasma at 4°C, approximately 90% of the compound still remained intact (88.6% for the 1 lM and 92.4% for the 10 lM, respectively). When the plasma was stored at -80°C, there was no significant degradation of ML-970 after a week of storage; after being stored for 4 weeks at -80°C, there was 87.5 and 89.8% of the compound remaining for the 1 and 10 lM concentrations, respectively.
Plasma protein binding ML-970 was found to be extensively bound to mouse plasma proteins in vitro, with the 0.1 lM concentration demonstrating 87.57% binding, the 1.0 lM concentration with 89.31% binding, and the 10.0 lM concentration being 90.89% bound, respectively.
Initial pharmacokinetics of ML-970 in nude mice
Based on the MTDs of the compound and the effective doses reported [1, 4] , we first evaluated the pharmacokinetics of ML-970 in PEG400/EtOH/Tween 80/D5 W at an intravenous (i.v.) dose of 20 mg/kg, an intraperitoneal (i.p.) dose of 50 mg/kg, or an oral dose of 100 mg/kg. We observed that the intact compound was still detectable in plasma 8 h after intravenous administration (Fig. 3a) . The compound reached its highest plasma concentration by 10 min after administration when the compound was given i.p. injection, but reached its highest plasma concentration after 30 min when given by oral gavage. Intact ML-970 could still be detected 24 h after dosing by both i.p. and p.o. routes (Fig. 3b, c) . We monitored urinary and fecal excretion of the compound when it was given by i.v. injection and observed that there was minimal excretion of the parent compound, with less than 0.5% of the compound being excreted in urine during the first 48 h following administration, and only about 1% (1.14%) being excreted in the feces during this same time period. Studies examining the excretion of a higher dose (40 mg/kg i.v. administered to CD-1 mice) confirmed this finding and showed that only approximately 1% of the compound was excreted in urine during the 48 h after treatment, and less than 0.1% of the parental ML-970 was excreted in feces during the first 8 h after administration. These results indicate that ML-970 may be taken up and remained in tissues for a prolonged time. Therefore, in subsequent studies, tissue distribution was studied in detail.
Initial efficacy studies had examined administration of ML-970 in both a soluble formulation (PEG400/EtOH/ Tween 80/D5 W as used above) and a suspension formulation (using 5% Tween 80/Saline). These studies showed that the suspension formulation of ML-970 had diminished antitumor efficacy compared to when the same dose was administered in the soluble formulation [1, 4] . To determine whether the differences in activity were due to the pharmacokinetics of the compound in the different formulations, we evaluated the i.p. (15 mg/kg) and p.o. (100 mg/kg) pharmacokinetics of ML-970 when it was administered in the suspension formulation (Fig. 3d, e) . Confirming that the lack of efficacy was likely due to decreased availability of the compound to the tumor, the suspension formulation showed a lower plasma C max , lower AUC, and a higher clearance than the soluble formulation.
S9 metabolism study
Given the low urinary and fecal excretion of the compound, the low concentrations of intact compound in the plasma, and a wide distribution in various tissues within a few hours of administration, we hypothesized that ML-970 may be metabolized after administration. We screened the potential mechanisms responsible for ML-970 degradation using in vitro preparations of S9 fractions and determined the extent of metabolism by phase I and phase II enzymes. The studies indicated that the compound has a relatively long half-life in the presence of the microsomal enzymes (no significant loss of the parent compound was detected within an hour of incubation with the enzymes). There was a small, time-dependent decrease in the amount of ML-970 observed during these preliminary studies, suggesting that ML-970 may be metabolized by phase I (oxidation) enzymes in rats and humans, and both phase I and II enzymes in mice (Fig. 4) .
Further pharmacokinetic studies of ML-970 in the solution formulation Further in vivo studies efficacy studies had indicated that the compound was effective at much lower doses. To evaluate the low-dose pharmacokinetics and accomplish a more in-depth study of the disposition of ML-970, we carried out in-depth pharmacokinetic studies of the compound administered intravenously via a tail vein or orally to female CD-1 mice at a single dose of 2.5 mg/kg (i.v. and p.o.). Blood and extensive tissue samples were collected at various time points to determine whether the compound was undergoing enterohepatic circulation. Tables 1 and 2 summarize the plasma pharmacokinetic parameters obtained during the various pharmacokinetic studies in mice. Figure 5a , b shows the distribution of the compound when it was administered at low doses, and Fig. 5c shows the percentage of the initial dose present in the various tissues at each time point. These data indicate that ML-970 undergoes enterohepatic circulation, keeping it from being excreted. Preliminary rat pharmacokinetics
We also analyzed samples of plasma and various tissues collected from Sprague-Dawley rats administered either a single oral dose of ML-970 (2.5 and 5 mg/kg) or oral doses of ML-970 once per day for 5 days (2.5 and 5 mg/kg) in ((PEG400/EtOH/Tween 80 = 6:3:1)/D5 W = 1:2). Plasma samples were collected 1, 6, and 12 h post-administration, and tissue samples were collected at 12 h on days 1 and 5 to determine the distribution in rats. As shown in Fig. 6 , tissue concentrations increased with time (Day 1 vs. Day 5), but there was no significant difference in tissue concentrations between two doses. The exception was intestine that showed increased concentration in a time-and dosedependent manner. These results indicate it is possible that there is an enterohepatic circulation for the drug (and metabolites) and that GI is a major elimination route of the drug and metabolites. This may explain why there is no obvious tissue communication of ML-970 in non-GI tissues.
Discussion and conclusion
Although numerous agents are evaluated in the clinic each year as potential cancer therapeutics, few obtain FDA approval. There is an increasing trend toward deciding the fate of new agents earlier in development (preclinical or early phase I studies) in order to decrease the cost of drug development and the exposure of patients to toxic or ineffective drugs [8] . As such, even greater emphasis is being placed on examining potential issues with delivery, distribution, and toxicity than ever before. The present study was designed to evaluate various characteristics of the novel CC-1065/duocarmycin analog, ML-970, with regard to its stability in plasma, distribution following administration by different routes, and possible degradation and metabolic pathways. Although animal models are imperfect for predicting human toxicity and biodistribution, there is a relatively high level of correlation between results obtained during preclinical studies and in human trials, and allometry is at the heart of determining the first dose to be administered in a clinical trial [9] [10] [11] . With this in mind, we evaluated the stability of ML-970 in mouse plasma, examined its plasma protein binding, accomplished studies of its possible metabolism by S9 microsomal enzymes, and determined its pharmacokinetic parameters in two of the most common animal models used for preclinical drug development (mice and rats).
During the evaluation of the metabolism of ML-970 by murine and human hepatic S9 microsomal fractions, we observed modest degradation of the compound. Our initial data suggest that ML-970 may be metabolized by phase I or II metabolic enzymes in different species. Based upon these results and tissue distribution results, we speculate that the compound (and its metabolites) may be accumulated in gastrointestinal tract and undergo enterohepatic circulation. Further studies on identification of those possible metabolites are needed.
Perhaps explaining the minimal S9 metabolism and the low urinary and fecal excretion, we observed that the compound appears to undergo enterohepatic circulation. Our study investigated the pharmacokinetic profile of ML-970 following both i.v. (2.5 mg/kg) and p.o. (2.5 mg/kg) administration in mice. We found high levels of ML-970 in the liver, gallbladder, and small intestine (Fig. 5) , and the levels in these tissues, especially the liver and gallbladder, remained relatively high for at least 24 h. This may also explain the decreased myelotoxicity observed for ML-970 compared to its related analogs [1, 4] . The rat preliminary pharmacokinetic results showed that tissue concentrations increased in a time-dependent manner, but there were no significant differences in accumulation for most tissues (except intestines and intestinal contents) between two doses tested. The results indicate that ML-970 accumulates with repeated administration, and it is possible that there is an enterohepatic circulation and GI is a major elimination route of the agent and metabolites. Further studies are needed to test these hypotheses.
Of note, the HPLC method was developed and validated for the analyses of intact ML-970. This method apparently was not affected by its possible metabolites, based on our standard cures with specific tissues and analyses of tissue samples from in vivo pharmacokinetic studies. However, we realize that this method could not identify metabolites. To facilitate the metabolic studies of the drug, further efforts should include method development and validation for identification of possible metabolites of the drug.
Another important point is the relations between the observed pharmacokinetics and the drug efficacy and toxicity. Overall, previous studies have demonstrated the antitumor activity of ML-970 against the different human cancer cell lines in vitro and in vivo [1, 4] . A wide range of ML-970 doses have been used in these in vivo studies [1, 4] . In MDA-MB-435 breast cancer xenograft models, ML970 inhibited tumor growth at all the oral doses (70-280 mg/kg) and i.v. dose (10 mg/kg), and no weight loss (a sensitive index for host toxicity) was observed at any of these doses and routes of administration. Based on efficacy and MTDs results, we first evaluated the pharmacokinetics of ML-970 with a broad range of doses (from 10 to 100 mg/kg) in both soluble and suspension formulations. We did not observe any toxicity under these conditions. Further efficacy studies indicated that the compound was effective at much lower doses (data not shown); therefore, lower doses (2.5 and 5 mg/kg) were used in subsequent pharmacokinetic studies. In fact, our data indicate that even lower doses (B10% of the MTD) should be effective against tumors located in various organs, because these tissues all exhibited concentration values above 34 nM (GI 50 of ML-970 in vitro). Taken together, our findings, alongside previous reports, indicate that ML-970 may be administered at low dose, leading to significant anticancer activity and minimal or no side effects. Further studies should examine its unique pharmacokinetic properties, including the enterohepatic circulation, minimal excretion of intact compound through urine or feces, and tissue-specific accumulation. It is also worthy investigating whether any metabolites of ML-970 are active against cancer cells. In conclusion, ML-970 is a relatively stable compound and has unique pharmacokinetic profiles. Based on available data on ML-970's anticancer activity and safety profiles, we conclude that it has potential for human cancer therapy. Further investigations to optimize the formulation, dose, and dosing frequency are needed. Detailed metabolic studies of this drug and identification of possible metabolites will facilitate the preclinical and clinical studies of the drug. Moreover, additional long-term toxicity studies will also be needed, especially to determine whether the enterohepatic circulation affects its efficacy and toxicity. The methods developed and the preliminary results from the present study provided a basis for these studies.
